INTRODUCTION
============

Insertions/deletions (indels) and amino acid substitutions are two of the most common forms of protein sequence variations, which enables the evolution of protein structures ([@gkr1107-B1],[@gkr1107-B2]). Although the frequency of indels is lower than that of substitutions in the genome ([@gkr1107-B3]), indels are considered to lead to most of the differences among species ([@gkr1107-B4]) and to possibly be related to many human diseases ([@gkr1107-B5]). Conserved indels in signature proteins could be considered as phylogenetic markers to discern the course of evolutionary history ([@gkr1107-B9],[@gkr1107-B10]). However, there are few studies of the sequence--structure--function relationships of indels.

Indels usually occur as reverse turns or coils within loops in a domain, most often on the surface of proteins ([@gkr1107-B11]). Compared to deletions, a succession of insertions and rapid evolution is considered to be a reasonable process that could produce novel protein structures ([@gkr1107-B14],[@gkr1107-B15]). Ancient domain families show some bias toward insertions which grow in size in evolution ([@gkr1107-B16]). Indels likely occurred more often in essential proteins and proteins that highly interacted with others ([@gkr1107-B17]). These indels located on the interaction interfaces are significant for protein--protein interactions ([@gkr1107-B18]). The functional divergence between homologous proteins may also be caused by indels that occurred in the periphery of the conserved protein structure core ([@gkr1107-B21],[@gkr1107-B22]).

Recent studies showed a significantly increased degree of nucleotide divergence between indel-flanking regions in a genome, indicating that indels can induce a rise in the substitution rate in the flanking regions ([@gkr1107-B23],[@gkr1107-B24]). The impacts of indels on their flanking regions may play an important role in molecular evolution. In addition, owing to the solvent accessibility environments and pairwise amino acid interactions, protein tertiary structure also was considered to impact to a certain degree on molecular evolution ([@gkr1107-B25],[@gkr1107-B26]). Our previous study also showed the impact of indels on their flanking regions in a domain, including the shift of flanking structure, the destruction of secondary structure elements, the increased amino acid sequence substitution rate, etc. ([@gkr1107-B27]). Indels in regions under lower selection pressure more commonly survive within a domain. Additionally, the occurrence of an indel can further lower the selection pressure on its flanking regions. Therefore, the information contained in indel-flanking regions is also important to the study of indels.

Here, we constructed IndelFR (Indel Flanking Region Database, <http://indel.bioinfo.sdu.edu.cn>), a database of information regarding indels and their flanking regions within homologous domains. IndelFR contains sequence and structure information of 2 925 017 indels and their flanking regions, including their position, length, amino acid composition, secondary structure information, hydrophilicity/hydrophobicity, etc. The classification of homologous domains in IndelFR is based on SCOP superfamilies ([@gkr1107-B28]). Structure files were obtained from the ASTRAL95 non-redundant structural database ([@gkr1107-B29]). For IndelFR, indels and their flanking regions were extracted from structure-based sequence alignments between homologous non-redundant domains by an online alignment program, PDBeFold ([@gkr1107-B30]).

The IndelFR database enables rapid searching for information about indels and their flanking regions between any two known homologous non-redundant domains. This will facilitate studies involving the structural and functional analyses of protein indels. IndelFR may promote future studies of the functions of indels in protein structural evolution and functional divergence, as well as homology modeling and functional site analyses toward improving protein structures.

DATA COLLECTION AND DATABASE CONSTRUCTION
=========================================

To create the IndelFR database, we collected information about indels and their flanking regions between any two non-redundant proteins within a protein structure superfamily. Proteins in the same superfamily are usually considered to be homologous; the data about superfamilies were obtained from the structural classification database SCOP 1.73 ([@gkr1107-B28]). The IndelFR database contains all of the superfamilies that have two or more non-redundant structures in the first five SCOP classes. The five SCOP classes include: all alpha proteins, all beta proteins, alpha and beta proteins (a/b), alpha and beta proteins (a+b) and multi-domain proteins. Due to its enormous size, the immunoglobulin superfamily is temporarily excluded from the current version of the IndelFR database. The data regarding non-redundant protein domains in each superfamily was obtained from the ASTRAL95 database, in which the percent sequence identity between any two structures is always \<95% ([@gkr1107-B29]).

The indels and their flanking regions within a superfamily were obtained through pairwise alignment between non-redundant protein domains ([Figure 1](#gkr1107-F1){ref-type="fig"}). Sequence alignment based on structure was performed using the online alignment program PDBeFold (formerly SSM, <http://www.ebi.ac.uk/msd-srv/ssm/>) ([@gkr1107-B30]). PDBeFold is currently considered to be one of the best structure alignment programs ([@gkr1107-B31]). All alignment results were downloaded, and each alignment was called a match. Statistical significance of a match can be evaluated by *P*-score and *Z*-score. *P*-score is minus logarithm of the *P*-value, which is an estimate of the probability of achieving the same or better quality of match at random picking of a structure from the non-redundant database. While *Z*-score represents the statistical significance of a match in terms of Gaussian statistics. The higher *P*-score and *Z*-score is, the higher statistical significance of a match will be. Figure 1.Data collection for IndelFR database. (**A**) Selection of superfamilies and non-redundant protein domains. (**B**) Structural alignment by PDBeFold and generation of match files. (**C**) Locating and extracting indels and their flanking regions from matches.

Some matches contain one or more sections that cannot be aligned on amino acid sequences between two domains. Here, gaps only refer to those that are consecutive sequences (containing one or more residues) in one domain and consecutive spaces of equal length in the other domain, located between two sections of aligned residues. All of the gaps and their flanking alignment regions were extracted from the matches using our own program. To avoid duplication, the alignment region between two adjacent gaps was equally divided into two parts. The upper limit for the number of residues extracted from the unilateral flanking region of a gap was customized to 10.

There are often missing sequence sections in some protein domains. Those gaps caused by the missing sections in a match were eliminated. All of the gaps after screening are considered as indels in domain. In total, we conducted 373 402 structural alignments between 12 573 non-redundant domains from 1053 superfamilies using the above-mentioned method, and extracted 2 925 017 indels with flanking regions. Furthermore, every indel with flanking regions was presented with a series of annotations, including the location, length and composition of indels, the length and composition of flanking regions, the status and evaluation of structural alignments, etc.

The IndelFR database was created based on the data mentioned above. The detailed process of database creation included nine steps (see [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1107/DC1)). A single entry was established for every match and every indel in the IndelFR database. We introduced the superfamily-match-indel relationship, and included this into the tree-graph catalog according to SCOP classification. In addition, protein PDB files were also included in the IndelFR database for three-dimensional structural displaying. All of the information is stored and managed by an open-source database management system, MySQL, which allows rapid data retrieval. An Apache tomcat web server was set up on a node of the Langchao TS10000 cluster, and GridSphere portal framework was utilized to establish and provide data access.

USER INTERFACE DESIGN
=====================

Browse
------

In the IndelFR database, indels with flanking regions are classified according to their SCOP superfamilies. In the 'SCOP Tree' interface, users can explore any of the superfamilies through the entire SCOP Tree or five subtrees corresponding to the five structure classes ([Figure 2](#gkr1107-F2){ref-type="fig"}A). In each leaf node of the tree, two links are provided along with the name of the superfamily: one for the 'Indel Information' interface, and the other for the 'Match Information' interface. Users can browse all of the indels or matches in a superfamily through the two links. The number of matches or indels in a superfamily is shown in parentheses ([Figure 2](#gkr1107-F2){ref-type="fig"}A). Figure 2.Samples of the IndelFR interfaces. (**A**) The 'SCOP Tree' interface. All indels and matches in the superfamilies can be browsed through this interface. (**B**) The 'Indel Information' interface. The indel files can be browsed online and downloaded. (**C**) The 'Match Information' interface. The match files can be browsed online and downloaded. (**D**) The format of indel files, containing detailed information about indels and their flanking regions. (**E**) The 'Indel Search' interface. Target indels can be searched in three ways. (**F**) The 'Match Search' interface. Target matches can be searched in four ways. (**G**) The 'Download' interface. Users can download the entire dataset stored in the database in this interface. (**H**) The 'Online Indel Creation' interface. Users can submit match files and extract indels and their flanking regions in this interface.

In the 'Indel Information' interface, each indel is shown as an independent entry ([Figure 2](#gkr1107-F2){ref-type="fig"}B). Users can adjust the number of entries displayed on each page. These entries are arranged with an alternately blue or gray background according to the different matches that the indels belong to. Each entry contains the following information (see [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1107/DC1)): the serial number of the superfamily, the SCOP sids (SCOP domain identifier) and common names (selectable by users) of the query and target structures, the corresponding position of the indel on the query and target structures, the length of the indel, the length of its flanking regions, *P*-score and *Z*-score. Mouseover will give out corresponding explanation for each table heading. Detailed information about an indel and its flanking regions can be browsed online or downloaded as a text file from the right side of an entry ([Figure 2](#gkr1107-F2){ref-type="fig"}D). This information includes amino acid composition, secondary structure composition, hydrophilicity/hydrophobicity, status of alignment, etc. In addition, the 3D query and target structures can be browsed online through Jmol.

In the 'Match Information' interface, each match is displayed as an independent entry ([Figure 2](#gkr1107-F2){ref-type="fig"}C). Every entry includes the following information (see [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkr1107/DC1)): the serial number of the superfamily, the information about two structures, and the alignment analysis. The information about the query and target structures includes their respective SCOP sids and common names, lengths and the numbers of secondary structure elements. The alignment analysis consists of the alignment length, RMSD (root mean square deviation), the number of secondary structure elements aligned (Aligned SSEs), *P*-score, *Z*-score and the number of indels. Users can access the 'Indel Information' interface and obtain information about all of the indels in a match by clicking on the link behind the figure in the 'Number of Indels' column. Detailed information about match files can be browsed online by clicking the link on the right side.

Search
------

In addition to browsing indels and matches in superfamilies through the 'SCOP Tree' interface, users are allowed to retrieve indels and matches. The IndelFR database provides two indel retrieval approaches. One is to search directly by the indel information in the 'Indel Search' interface; the other is to search by the information about the matches that contain indels in the 'Match Search' interface. In order to make it more convenient for users to search the database, several searching methods are given for each retrieval approach.

In the 'Indel Search' interface, four searching methods are provided for the first approach ([Figure 2](#gkr1107-F2){ref-type="fig"}E). The first one is Basic Search, which allows users to input one or more PDB IDs (four characters) or SCOP sids (seven characters) separated by commas or semicolons and search for all corresponding indels. Moreover, in Basic Search, three selectable parameters (Indel length, *P*-score and *Z*-score) are given and users can set their own required value ranges. The second one is Advanced Search, which requires users to input two or more PDB IDs or SCOP sids to search for indels between specified structures. The third one is Common Name Search. Users can input the full or part of a protein common name and search corresponding non-redundant domains for indel information in these domains. The forth one is Position Search. In this method, users can input a bunch of PBD IDs or SCOP sids and positions to search for indels located in these positions if there are any. For each method, the search result is displayed in the 'Indel Information' interface. Additionally, users can sort the results according to different parameters to satisfy their specific demand. If the search results include only one item, the indel file will be automatically shown together with the search result, which facilitates users to directly view corresponding information.

In the 'Match Search' interface, we also provided four methods ([Figure 2](#gkr1107-F2){ref-type="fig"}F). The first three methods are similar to those in the first approach. Differently, the Basic Search using match information has six selectable parameters: Indel number, Alignment length, RMSD, Aligned SSEs, *P*-score and *Z*-score. The fourth method is Fuzzy Search, in which any keyword including a null value can be acceptable, and the users can retrieve the match records by combining different parameters. The results will be shown in the 'Match Information' interface.

Downloads and online indel creation
-----------------------------------

Batch download of the entire dataset stored in IndelFR database can be achieved in the 'Download' interface ([Figure 2](#gkr1107-F2){ref-type="fig"}G). Each indel together with its flanking regions is saved as a text file. All the files are compressed to different packages according to SCOP classification.

If information about unsaved indels and their flanking regions are required, users can obtain them in the 'Online Indel Creation' interface ([Figure 2](#gkr1107-F2){ref-type="fig"}H). Both files and text are accepted for submitting matches to IndelFR. The search results, which include information about all of the indels in the match, will be successively shown in the result interface and can be downloaded. Currently, this function can only parse the match files created by PDBeFold, so users first need to conduct sequence alignment based on structure by PDBeFold with two specified domains.

DISCUSSION
==========

It is already known that the indel region of a protein domain has a bias for amino acid usage and secondary structure element composition ([@gkr1107-B11]). Intriguingly, the flanking regions of an indel also have some special qualities that are different from other regions. Utilizing the data stored in IndelFR database, we can display some of these qualities ([Figure 3](#gkr1107-F3){ref-type="fig"}). Since longer flanking regions can reduce the superposition influence of two adjacent indels, the indels utilized in those analyses mentioned above include 10 aligned sites on either side of the ﬂanking regions. Figure 3.Display of some special qualities of indels and their flanking regions in a protein domain using data in IndelFR. (**A**) Comparison of amino acid composition between indel regions and flanking regions. (**B**) Amino acid hydrophilicity/hydrophobicity of indel flank sites. (**C**) Secondary structure element composition of indel flank sites. (**D**) Sequence identity of indel flank sites. (**E**) Tertiary structure shift of indel flank sites.

In indel regions, the usage of amino acid is significantly different from that of their flanking regions ([Figure 3](#gkr1107-F3){ref-type="fig"}A). Residues with hydrophilic side chains are more likely to occur in indel regions, such as ASP, ASN, GLU, LYS, SER, GLN, ARG, THR and HIS. Besides, compared to flanking regions, the occurrence rate of four kinds of amino acids i.e. PRO, GLY, ASP and ASN, in the indel regions increase the most, all of which have the potential to damage the secondary structure of proteins.

For flanking regions, some interesting qualities are more likely to occur in the sites nearer indels. Some of these qualities are stated below. (i) The nearer a flank site to an indel is, the larger the probability of hydrophilic amino acid usage is ([Figure 3](#gkr1107-F3){ref-type="fig"}B). (ii) The nearer a flank site to an indel is, the lower the rate of the site occurring in an α-helix or a β-strand while the higher the rate of the site occurring in a non-secondary structure element is ([Figure 3](#gkr1107-F3){ref-type="fig"}C). (iii) The nearer a flank site to an indel is, the lower the sequence identity is, which indicates more amino acid substitution ([Figure 3](#gkr1107-F3){ref-type="fig"}D). (iv) The nearer a flank site to an indel is, the larger the tertiary structure shift between the site and its homologous non-indel flank site is. Here the structure shift is indicated by RMSD between Cα atoms ([Figure 3](#gkr1107-F3){ref-type="fig"}E).

The special qualities occurred in the indel flanking regions are obviously related to indels. These qualities may consist of three parts: those that were regional-inherent, those that ocurred accompanying an indel and those that occurred after an indel. In our previous study, we analyzed and estimated their respective effects ([@gkr1107-B27]). The IndelFR database may contribute to promote future study on this problem.

FUTURE DIRECTIONS
=================

The IndelFR database is a free network-based resource, storing vast information about indels and their flanking regions of protein domains. This large amount of data requires a large amount of storage space and complicated management, and it also makes data transfer difficult. The publication of the current version is an important first step.

The data set in current version of IndelFR is based on pairwise alignment, which contains all of the indels between any known non-redundant homologous domains. In the future, we plan to provide conserved indels within one SCOP superfamily by multiple sequence alignment based on structure. However, one superfamily may contain many distant-related homologous proteins, so they may be quite different from each other in both sequence and structure. Consequently, current algorithms for multiple sequence alignment based on structure may not be able to conduct multiple sequence alignment in every superfamily.

In the future, we will keep updating our database following SCOP updates. In order to facilitate users, we are considering adding Sequence BLAST Search in the future and enabling Indel Fuzzy Search that will allow users to search for target indels from millions of indels in the IndelFR database. In addition, we plan to open a parameter selection for the online indel-extraction program, so that users can extract indels and their flanking regions according to their own requirements.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkr1107/DC1) are available at NAR Online: Supplementary Tables S1--S2, Supplementary Figure S1.
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